The function of the intervertebral disc is to transfer load, permit motion, and dissipate energy. The disc performs these functions across a range of loads and loading rates during the activities of daily living. Physiologically, circumferential tension is a primary loading mode for the annulus fibrosus (AF). The AF circumferential tensile properties have been investigated only under quasi-static conditions, after viscoelastic effects have dissipated, and have shown that the circumferential modulus is not altered with disc degeneration [1,2,3]. The AF dynamic tensile properties have not been measured, and it remains unknown whether the dynamic tensile modulus is unaffected by degeneration, similar to the quasi-static tensile modulus, or is indeed altered in degeneration. Quantifying the AF dynamic tensile properties and how they are altered by degeneration are crucial to provide insight into disc function, degeneration, and the AF's role in dissipating energy during physiologic loading. Therefore, the objective of this study was to quantify the dynamic tensile properties of human AF and the effect of degeneration on these properties. We hypothesized that degenerate AF would be stiffer and behave more elastically than nondegenerate AF. METHODS: Lumbar discs L1/L2 and L2/L3 were excised from human cadaveric spines via sharp dissection. The outer AF from the disc anterior was isolated and cryo-microtomed to uniform thickness in the circumferential-axial plane. Tensile samples were prepared with the loading axis aligned in the circumferential direction from nondegenerate (Grade < 2.5, n=8) and degenerate (Grade > 2.5, n=7) discs [5]. Testing was performed on an Instron 5848 system in a phosphate buffered saline bath. Samples were preconditioned for 10 cycles between 0 and 10% strain at 0.025 Hz, followed by a 20 min unloaded recovery. A 2% step strain, 30 min relaxation, and a frequency sweep (5 cycles each at 0.01, 0.1, 0.2, 1, and 2 Hz) with an oscillatory amplitude of ±0.5% strain. This protocol (step strain, followed by a 30 min relaxation and a frequency sweep) was repeated for 6 and 10% step strains (Fig 1) . Finally, a second frequency sweep at 2% strain was performed at the end of the protocol to confirm repeatability. The stressstrain data were analyzed by transforming the data into the frequency domain. The magnitude and phase of the prevailing frequency was calculated to determine the dynamic modulus and viscous phase angle at each frequency using a customwritten Matlab program. A two-way repeated measures ANOVA with Bonferroni post-hoc analysis was performed to compare mechanical properties with respect to frequency and strain level. A student's t-test was used to determine the difference between degenerate and nondegenerate properties at each strain level. Significance was set at p<0.05.
DISCUSSION:
This study quantified the dynamic tensile mechanics of human AF across a range of physiologically relevant strains and frequencies, and evaluated the effect of degeneration on these properties. Dynamic modulus was not sensitive to frequency but increased with increasing equilibrium strains, consistent with human ligament dynamic tension [7] . AF dynamic shear modulus also increases with compressive stress, but unlike tension, it also increases with frequency [4] . Degenerate tissue had a higher dynamic modulus than nondegenerate tissue at all strain levels tested ( Fig 2B) . This is different than quasistatic tensile modulus, which is unchanged with degeneration [3], but is consistent with AF dynamic compressive shear [4] . Quasi-static modulus is dependent on collagen organization, whereas the effect of degeneration on the dynamic tensile and shear moduli may be related to extrafibrillar matrix stiffening, possibly through a reduction in glycosaminoglycan and water or an increase in non-fibrillar proteins. The phase angle, which is a relative ratio of how much energy a material stores to how much energy it dissipates, was less than 8 degrees, indicating that the AF behaves more similarly to an elastic solid and suggesting that dissipating energy may not be a major AF function. Rather, it has been shown that the nucleus pulposus has a higher phase angle in dynamic shear compared to the AF, suggesting the NP may have a more predominant role in dissipating disc energy [4, 6] . The phase angle decreased with increasing frequency and was largely unaffected by strain level. Human ligament phase angle also decreases with frequency, up to about 1 Hz, but unlike the AF, does depend on applied strain [7] . The AF shear phase angle is unaffected by frequency and increases with increased compressive stress [4], which is different from the trends observed in dynamic tension. Thus, it seems that while the dependence on frequency and strain of dynamic modulus are quite similar across different fibrocartilaginous tissues and loading modalities, the phase angle trends are not similar. Contrary to our hypothesis, there was no effect of degeneration on the phase angle, consistent with dynamic shear at low amplitude loading. In summary, this study indicates that degeneration alters AF modulus in dynamic tension, and future work will address the compositional and organizational factors that are responsible for the phase angle trends observed. 
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